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Introduction
Silicon carbide (SiC) is a very interesting ceramic due to its promising properties like high hardness, low bulk density, high oxidation resistance which makes it useful for a wide range of industrial applications (nuclear fuels coating for future reactors, thermal barrier for aeronautic or aerospace applications). In addition to the interest in its properties for structural applications, silicon carbide has also been the focus of investigations for its chemical resistance in cryolithic melts. 1 It has more particularly received considerable attention as sidelining material in aluminum electrolysis cells. 2 Unfortunately, like so many other covalent refractory ceramics, the silicon carbide is very difficult to sinter to a high density without using additives and/or pressure. For example, without any additives, the theoretical density could only be achieved at 2500 • C by hot-pressing under a pressure of 50 MPa. 3 In previous studies, it is shown that using sintering aids could lower the sintering temperature. Several additives like YAG (i.e. the Y 3 Al 5 O 12 compound) and alumina were tested as sintering aids for silicon carbide powder both to enhance the densification rate and to slow down grain growth kinetic. 4, 5 The sintering mechanism was determined for each of these additives considered separately and in the case of alumina, supplement adding of carbon or yttria were also performed. In these conditions, it is worth to notice that alumina together with carbon promoted silicon carbide sintering via solid-state sintering at temperature over 2000 • C 4 while alumina and yttria led to high density sintered sample via liquid phase sintering below 2000 • C. 5 In these approaches where additives are mainly oxides, the consolidation steps principally take place through liquid phase sintering, 5 giving rise to the formation of an interphase at the grain boundaries. In contact with melted salts, the so-formed secondary phases show lower corrosion resistance than the SiC matrix. 1,2 To achieve high densities through solid-state sintering and to avoid the appearance of low corrosion resistance intergranular phases, consolidation of silicon carbide with boron and carbon as sintering additives seems to be the most efficient way. [6] [7] [8] [9] Therefore, boron carbide was found to enhance the hotpressing behaviour of silicon carbide that could be so obtained in a fully dense state. [10] [11] [12] These additives permit to reach high density slightly over 2000 • C by means of the reduction of the surface energy of the grains (boron effect) 10 and reaction with residual silica (carbon effect). 11 Otherwise, several contributions 13, 14 were devoted to the consolidation of silicon carbide powders to produce dense bodies by using Spark Plasma (or pulse electric current) Sintering (SPS). In all these studies, the main goal is to avoid or to minimize the grain growth of the starting SiC nanoparticles. Indeed, it is usually well admitted that grain growth can be suppressed during the SPS treatment of ceramics because of the very short sintering time. [15] [16] [17] However, Zhou et al. 18 revealed that the rapid densification of a nanometer sized ␤-SiC powder doped with 2.04 wt% Al 4 C 3 and 0.4 wt% B 4 C and conducted by SPS technique, was accompanied by significant microstructural and structural evolutions. Indeed, the densified SiC specimens underwent anisotropic grain growth and polytype transformation. According to these authors, 19 the ␤ → ␣ transformation during SPS would contribute both to the anisotropic grain growth of SiC (i.e. the formation of elongated grains) and to the modifications of the amount of the different polytypes. In the same manner, the SPS conditions (e.g. the heating rate) could strongly influence the ␤ → ␣ transformation. Unfortunately, the role of the sintering additives, especially boron carbide, was not considered to explain this significant microstructural evolution of SiC-based samples.
In the present study, the SPS method was used to produce fully dense SiC-based materials with non-oxide secondary phases in order to provide high corrosion resistance sidelining materials for Al electrolysis cells. The second objective was to focus on the role of boron during the Spark Plasma Sintering of a commercial ␣-silicon carbide powder. The structural and microstructural evolutions due to different boron additions (free boron plus free carbon or boron carbide (B 4 C)) were characterized by transmission electron microscopy (TEM) and Fourrier transform infra-red (FTIR) spectrometry techniques.
Experimental procedure

Starting powders
The main physical-chemistry properties of raw materials (specific area, average grain size, purity) were summarized in Table 1 .
␣-Silicon carbide powder supplied by H.C. Starck TM (grade UF 25) was used as starting powder. From its X-ray diffraction pattern ( Fig. 1) , it can be noticed that this silicon carbide powder mainly contains 6H and 4H polytypes (JCPDS files 72-0018 and 29-1127, respectively).
Sintering additives provided by H.C. Starck TM , Prolabo TM and Cerac TM suppliers (Table 1) were added under several forms. When amorphous boron and carbon were introduced in the mixture as free elements, their respective amount was 3.1 wt% and 0.86 wt%, i.e. the same weight ratio as for B 4 C. Different symbols have been used in the present paper to make the sample description easier:
• "SBC" indicates samples in which both free boron and free carbon have been added to the starting silicon carbide powder; • "SB4C" stands for samples in which boron carbide additions are introduced in the same SiC powder.
Scanning electron microscopy (SEM) observations of silicon carbide powder are reported in Fig. 2 . The powder consists in agglomerates of a few micrometers (Fig. 2a) which are formed of elementary particles of few hundred nanometres in size (Fig. 2b) . Fig. 3 represents the microstructures of the sintering agent powders. Both free carbon and boron ( Fig. 3a and b, respectively) are mainly composed of agglomerated equiaxed particles while B 4 C displays micron size angular platelet microstructure (Fig. 3c ).
Sample preparation and sintering procedure
␣-SiC and sintering aids were mixed in petroleum ether (Riedel de Häen, "extra pure" quality) according to the chosen proportions and then dispersed by ultrasonic pulses. The mix was dried under vacuum at 80 • C in order to remove the solvent.
For SPS treatments, the powders were then put in a 15 mm diameter graphite die in which some thin papyex TM graphite foils were fetched on the inner surface. The sintering of SiC powder with or without sintering additives was conducted under vacuum (6 < P(Pa) < 14). The SPS apparatus (Model 2080 Sum- itomo Coal and Mining Co.) is a uniaxial 100 kN press combined with a 8000 A dc power supply to provide simultaneously pulsed current and pressure to the sample. The standard 12:2 pulse sequence 19 which corresponds to 12 dc current pulses and two pulses off was chosen. The SPS thermal treatment was as following:
• A degassing treatment performed at 600 • C during 5 min: 3 min under limited applied load (20 MPa) and 2 min under increasing load up to 40 MPa or 100 MPa.
• A heating up to 1850 • C or 1950 • C at 100 • C min −1 under optimal applied load (40 MPa or 100 MPa), a soaking time of 5 min at maximum temperature then cooling down to room temperature.
The experimental parameters such as temperature, applied load, voltage and sample displacement were measured continuously during the sintering treatment. In particular, the temperature was measured thanks to a digital pyrometer focused on the graphite die close to the centre of the sample.
Characterization of sintered samples
The phase identification was performed using a X-ray Siemens D5000 diffractometer (λ Cu = 0.1541 nm) equipped with a back monochromator. The scanned angles (in 2θ scale) were ranging between 15 • and 120 • with a step of 0.02 • and a 13 s exposure time. The X-ray diffractograms were indexed using the DIFFRAC+ software (Socabim) which contained JCPDS files data base. Accurate measurements of the relative abundance of the various polytypes present in silicon carbide based samples were carried out using the Rietveld's method implemented into the TOPAS 3 program. 20 The X-ray patterns were acquired from sintered samples previously ball milled in an agate mortar under cryogenic conditions. The infrared spectroscopic measurements (FTIR) were carried out using a PerkinElmer Spectrum 1000 apparatus. The spectra were registered in the 400-4000 cm −1 range with a 2 cm −1 resolution. FTIR measurements were performed from starting powders and sintered samples which were previously ball milled.
Density of sintered samples was determined using Archimedes method. The microstructural analyses were carried out using SEM Philips XL30 apparatus. The identification of the intergranular phases required TEM investigations which were performed with a 2010 JEOL apparatus equipped with EDX facilities (Energy Dispersive X-ray analytical system) and operating at 200 kV. As such, specimens were prepared by cutting samples into thin disks with a 3 mm diameter. These disks were ground, dimpled and finally thinned to perforation by argon beam milling in a Gatan Precision Ion Polishing System (PIPS 692) at 4 kV. Fig. 4a shows the variation of the linear shrinkage for SiC-based samples doped with different sintering aids under a 100 MPa applied load as a function of temperature during the SPS treatment. From this figure, it can be noticed that the densification of SiC samples starts at lower temperatures when boron-based sintering additives are initially introduced. The temperature of the shrinkage beginning (T S ) is reported in Fig. 4b . T S values were determined using a polynomial interpolation in order to fit the curves showing the linear shrinkage ( Fig. 4a ) and then to determine the continuous variation of d( L)/dT as a function of temperature. For a given sample, the T S value is thus defined as the temperature where d( L)/dT deviates from the straight line in the low temperature range. The data so obtained were reported in Fig. 4b . From the latter, the temperature of the shrinkage beginning seems to be shifted towards lower temperatures by using sintering aids for the same applied load. For example, in the case of SBC, the T S value (i.e. ≈1200 • C) was 220 • C lower than that recorded for pure silicon carbide specimens under an 40 MPa applied load (see Fig. 4b ).
Results
Densification kinetics
Moreover, the higher the applied load during SPS treatment, the higher the densification kinetics whatever the sintering aids. In particular, the lowest temperature of the shrinkage beginning was reached (i.e. 1190 • C) when a 100 MPa load was applied during the treatment of SBC samples. Table 2 provides the relative density for specimens treated by SPS at 1850 • C or 1950 • C for 5 min under a 40 MPa or 100 MPa load. The treatments at 1950 • C under 100 MPa gave relative density values higher than 97.5% regardless the sintering additive. This fact is confirmed by the observation of the sintering curves under isothermal conditions which denotes that fully dense materials are obtained at 1950 • C for a soak time fixed to 5 min (see Fig. 4c ). Therefore, the theoretical density of SiC-based specimens was achieved when the maximum load was applied and the SBC composition was retained ( Table 2) . In the following and due to their high densification rates, the materials sintered for 5 min at 1950 • C under a 100 MPa load will be characterized by TEM, XRD and FTIR techniques.
Characterization of the different silicon carbide polytypes
X-ray diffraction patterns obtained from pure SiC, SBC and SB4C samples treated at 1950 • C for 5 min under 100 MPa have been reported in Fig. 5 . Compared to the SiC starting powder (Fig. 1) , all sintered samples are characterized by the occurrence of the 15R rhombohedral form (identified from JCPDS Fig. 5b ) in addition to the 6H and 4H polytypes. To quantify the respective amount of the three polytypes, a simultaneous refinement of the three structures was performed, using the TOPAS 3 Rietveld program. 20 Indeed, previous works demonstrated that the Rietveld's method yielded accurate phase composition measurements within a maximum 1 wt%. 21 The reference structures were taken from the ICSD database. 22 Then, the structures were partly refined (scale factors and isotropic thermal vibration factors) keeping the atomic positions unchanged. After convergence to reasonable R factor values, the quantitative fraction of the three polytypes was determined with a good accuracy and the corresponding data is shown in Table 2 . It is shown that the 15R polytype occurs in a significant amount even if the 6H and 4H polytypes remain predominant. Moreover, the 4H polytype amount in sintered samples seems to be particularly great for SB4C samples in comparison with that registered for "pure" SiC or SBC specimens (see Table 2 ) after SPS.
Microstructural study of the sintered samples
Pure silicon carbide
TEM observations of pure SiC samples revealed the presence of an equiaxed microstructure (Fig. 6a) . No preferential crystalline orientation was observed. The grain size averages 500 nm and remains quite the same as that of the starting powder (see Fig. 2b ). The electron diffraction study confirmed that the 6H polytype is the main phase presents within the sample (see inset in Fig. 6a ).
SBC samples
A change in microstructure occurred when free boron and free carbon were added to the starting SiC powder (Fig. 6b) . A heterogeneous grain size is observed contrasting with the microstructure of SiC samples presented above. Some of the grains have preferentially grown, showing elongated shape while most of them kept the equiaxed shape. No intergranular thin film of secondary phase linked to free boron and free carbon addings was detected either by conventional contrast imaging or by high resolution investigation of grain boundaries. These results however do not definitely preclude the possibility of atomic segregation of species at the grain boundaries as will be further discussed.
SB4C samples
Observations of SB4C sintered samples (Fig. 7) showed up microstructural changes compared to pure SiC and SBC samples presented above. The microstructure was characterized by abnormal grain growth with lath-type texture linked to the anisotropic character of the SiC polytypes. This grain growth was accompanied by a slight undensifying effect as shown by the results reported in Table 2 .
The sample typically presents numerous spherical intragranular inclusions (Fig. 7: see arrows) as well as intergranular phase (Fig. 7 : encircled areas) trapped between lath shaped SiC crystals and B 4 C crystals (Fig. 8a) .
In fact, the intergranular phases are present in reactional zones involving B 4 C crystals. Indeed, the latter are highly corroded as shown by the presence of numerous corrosion gulfs all around the crystals (Fig. 8a: see arrows) . In most cases, such crystals of parent phase are entirely dissoluted and relicts of the boron carbide crystals are only seldom seen. For that reason, this residual phase is not observed in XRD patterns presented in Fig. 5 . When exist, the intergranular phase around the B 4 C crystals (Fig. 8a, c and d) consists of nanocrystals of about 50 nm embedded within an amorphous phase. An average chemical analysis performed with a defocused electron beam reveals that this phase is made of carbon, silicon and oxygen (Fig. 8b) . A fine investigation of this area (Fig. 9) shows that the amorphous phase is mainly composed of a silicon oxide (Fig. 9b) while nanocrystals are composed of carbon (Fig. 9a) that could be present under graphite or diamond forms. The investigation of their reciprocal lattice by electron diffraction attests of a cubic structure and, consequently, unambiguously permits to conclude that diamond or more probably carbon-like diamond resulted from the SPS treatment.
The spherical intragranular inclusions (Fig. 10) are also formed by the same reactional product, i.e. carbon-like diamond crystals (Fig. 10b) embedded within the silicate phase (Fig. 10c) . In this case, relicts of B 4 C crystals are never observed.
Finally, the comparison of FTIR patterns for both the starting silicon carbide powder and the sintered SB4C sample (Fig. 11 ) reveals the presence of additional Si-O (≈1100 cm −1 ) and O-Si-O (≈470 cm −1 ) bands 23 in the case of SPS treated samples. These results suggest that the oxidation of SiC grains occurs during the heat treatment.
Discussion
SPS treatment of pure SiC
This study has shown that Spark Plasma Sintering had a great effect on the kinetic of the densification of "pure" ␣-silicon carbide. Indeed, to reach fully dense SiC-based materials (without sintering additives) by using conventional pressurized techniques such as hot-pressing or hot isostatic pressing, it is well known that severe experimental conditions are required: 8, 24 high sintering temperature (T ≥ 2100 • C) and high soaking time (t ≥ 30 min).
These drastic treatments usually lead to the thermal decomposition of the SiC compound and may involve the coalescence of grains and pores. 11 Conversely, the SPS treatment by reducing the holding time to 5 min and by lowering the sintering temperature to 1950 • C allows minimizing grain growth (Fig. 6a) and, consequently, provides equiaxed microstructure. These SPS conditions permit also to achieve high relative densities for SiC specimens (i.e. 97.5%) without sintering activators.
These results should be due to the characteristics of the SPS heating treatment such as self-heat generation by microscopic electric discharge between particles, this activation leading to high speed mass and heat transfer. 25, 26 More particularly, the rapid densification could be correlated to mechanisms with faster kinetics, such as surface diffusion, diffusion through the melt, or time-independent process such as plastic deformation. [27] [28] [29] So, the melting could occur only on the particle surface thanks to electron discharge which easily generates localized heating on the grains.
Effect of boron additions on the SPS behaviour of SiC-based specimens
The form under which the same amount of carbon and boron was added to the starting SiC powder plays a key role in the sintering process involved during the treatment. From all the results of sintering attempts and microstructural characterizations, the role of boron additions could be elucidated.
In SB4C samples, the B 4 C crystals are shown to be dissoluted at the contact of a silicate phase, giving rise to a liquid phase sintering process. FTIR investigations and EDXS analyses revealed that this phase would result from the reaction between the silica-based phase due to the native oxidation of silicon carbide grains and the boron carbide crystals introduced as sintering aids. The native oxidation of SiC is a well-known phenomenon which results from the sorption of water molecules at room temperature. 30 The SPS treatment of SB4C samples would favour the reaction between the silica film surrounding the SiC grains and the B 4 C compound. The presence of thin jagged reaction fronts around boron carbide grains attest of the dissolution mechanism of B 4 C into the liquid silica-based phase (Fig. 8) , finally providing a borosilicate glass after cooling. Therefore, the results obtained from the microstructural characterization of SB4C sintered samples permit to explain the role of a secondary fusible phase on the microstructure evolution during SPS. At the forming temperature, the borosilicate phase was partly a viscous liquid, which presumably controlled grain boundary migration. When the temperature increases, its viscosity drastically decreases, promoting the mobility of grain boundaries by favouring atomic diffusion within the liquid phase. It is reasonable to assume that the grain growth kinetic by dissolution/reprecipitation mechanism should be enhanced for some crystallographic orientations which probably correspond to the surfaces of lowest energy for the SiC phase. Thanks to the high motion of the grain boundary, some pockets of liquid phase were entrapped within the grains leading to spherical intragranular inclusions.
For the SBC samples, TEM investigations revealed that the formation of secondary phase is precluded, as no continuous thin film of interphase or glassy pockets at triple junctions were evidenced. This result is in fair agreement with a previous study 31 which showed that no distinct amorphous film can be found by HREM imaging of such interfaces. However, the interface seemed to be highly perturbed and thanks to spatially resolved electron energy-loss spectroscopy, these authors have shown that one monolayer of boron segregates at the SiC boundary. According to these authors, 32 the main effect of boron doping on the densification of silicon carbide should rely on the enhancement of the grain boundary diffusion. In fact, they indicated that most of the added boron would segregate at the grain boundary because of its low solid solubility at the sintering temperature (e.g. ≤ 0.1 wt% at T = 2200 • C). [33] [34] Conversely, Elder and Krstic 35 suggested that the additive boron is dissolved in the ␤-SiC matrix, forming a solid solution that enhanced lattice diffusion through the increase of carbon vacancies ratio in SiC. This latter phenomenon could explain the enhancement of the mass transfer during sintering. The same interpretation was retained by Datta et al. 36 for a ␣-SiC powder.
In the present study, despite the fact that the sintering additives are present in much higher amount (3.1 wt%), i.e. ten times higher than those reported in ref. 32 , no interphase was detected. This result would suggest that the sintering aids effect could rather rely on formation of solid solutions with the SiC compound, even if their location could be restricted to the interface vicinity. In this hypothesis, the role of free boron addition on the densification activation (Fig. 4) could be explained by the creation of further silicon and carbon vacancies in the lattice of the SiC compound following Eqs. (1) and (2):
SiB 4 SiC −→4B
•
Finally, in these SBC samples, the free carbon addings present in well-distributed manner would reduce the native silica film on the surface of SiC grains during the sintering 37 by the overall reaction:
Conclusion and perspectives
This study confirms the favourable role of boron additions on the sintering of SiC by Spark Plasma Sintering processes.
The most efficient SPS treatment to reach fully dense SiCbased materials consists in both introducing free carbon and free boron and maintaining a 100 MPa pressure at 1950 • C for 5 min. Free carbon should favour the reduction of silica covering the surfaces of SiC grains whereas free boron additions could improve the densification kinetic by enhancing the formation of further point defects in the ␣-SiC lattice. It is thus possible to conclude that the volume diffusion certainly intervains as one of the mechanism that largely operates during the sintering of SiC. This does not preclude the possible influence of competitive process such as grain boundary diffusion.
In the case of boron carbide additions, the occurrence of a borosilicate liquid phase during the SPS treatment results from the reaction of dissolution of B 4 C in contact with the silica based phase coming from the native oxidation of the starting SiC powder. This secondary liquid phase promotes an abnormal grain growth leading to a slight non-densifying effect. The next studies should refine the mechanism of boron carbide dissolution and the main properties of the glassy phase obtained during the sintering treatment.
